exploiting spin polarized transport or integrated magnetic fields PACS 75.50.Xx -Magnetic devices: molecular magnets PACS 72.25.-b -Spin polarized transport Abstract -We theoretically study the transport properties of a supramolecular spin valve, consisting of a carbon nanotube with two attached magnetic molecules, weakly coupled to metallic contacts. The emphasis is put on analyzing the change of the system's transport properties with the application of an external magnetic field, which aligns the spins of the molecules. It is shown that magnetoresistive properties of the considered molecular junction, which are associated with changing the state of the molecules from superparamagnetic to the ferromagnetic one, strongly depend on the applied bias voltage and the position of the nanotube's orbital levels, which can be tuned by a gate voltage. A strong dependence on the transport regime is also found in the case of the spin polarization of the current flowing through the system. The mechanisms leading to those effects are explained by invoking appropriate molecular states responsible for transport. The analysis is done with aid of the real-time diagrammatic technique up to the second order of expansion with respect to tunneling processes.
Introduction. -Over the past decades the transport properties of nano-scale devices based on magnetic molecules have been intensively studied [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Due to the bistability of magnetic molecules [19, 20] , such systems have a great potential for applications in the information storing and processing technologies [21] [22] [23] [24] . Moreover, when attached to ferromagnetic contacts, magnetic molecules can exhibit a large spin-valve effect when the magnetic configuration of the device varies from the parallel to antiparallel alignment of leads' magnetic moments [25, 26] . Quite interestingly, recently, a spin-valve like behavior has also been found in the case of nonmagnetic junctions involving single molecular magnets [27, 28] . In particular, Urdampilleta et al. examined transport through a supramolecular spin-valve-a tunnel junction with an embedded carbon nanotube to which molecular magnets were attached. By aligning the spins of magnetic molecules with an external magnetic field, a change in the conductance of the system was observed. Such tuning of the current flowing through the system without the necessity to use ferromagnetic contacts provides a perspective way of the current control through the spin degrees of freedom, which is important for molecular spintronics [29] [30] [31] .
Motivated by this experimental achievement, in this paper we theoretically investigate the transport properties of a tunnel junction involving a single-wall carbon nanotube with two attached magnetic molecules in the presence of external magnetic field. Our considerations are carried out by assuming a weak tunnel coupling between the nanotube and external reservoirs, such that the current is mainly driven by sequential tunneling processes. However, we also examine the role of cotunneling processes, which determine the magnetoresistive properties of the considered device in the low bias voltage regime. By determining the currents flowing through the system in the absence and presence of external magnetic field, we analyze the behavior of the tunnel magnetoresistance of the device. Our work quantifies thus the change of spin-resolved transport properties when the state of the molecules switches from the superparamagnetic to the ferromagnetic one. Depending on the occupation of the carbon nanotube and the applied bias voltage, we find transport regimes of both large positive magnetoresistive response as well as transport regions where this response becomes negative. The calculations are performed by using the real-time diagrammatic technique in the first and second order of expansion with respect to the tunnel coupling [32] [33] [34] . The schematic of a supramolecular spin valve. It consists of a single-wall carbon nanotube with attached two magnetic molecules. The nanotube is coupled to the left and right metallic leads. See the main text for details.
is schematically shown in Fig. 1 . It consists of two magnetic molecules of spin S r and magnetic anisotropy D r , with r = L (r = R) for the left (right) molecule. The molecules are exchange-coupled to the single-wall carbon nanotube with strength given by J r . It is assumed that the coupling of the molecules to the nanotube results in formation of orbital levels in nanotube in their vicinity, through which transport takes place [27, 28] . Thus, the total Hamiltonian of the system can be written as
The first part of H describes the noninteracting electrons in the external electrodes and takes the form
with c † rkσ (c rkσ ) being the operator for creation (annihilation) of a spin-σ electron with momentum k and the energy ε rk in the rth lead. The second term of the total Hamiltonian characterizes the nanotube-magnetic molecule subsystem and can be expressed as [3, 5, 26, 35] 
The particle number operator for an electron of spin σ occupying the nanotube's orbital level r is given by n rσ = d † rσ d rσ , and n r = n r↑ + n r↓ , n = n L + n R . The charge of a neutral nanotube is denoted by n 0 . E C is the charging energy of the nanotube and t denotes the hopping between the two orbital levels. The exchange coupling between molecule r and nearby orbital level is denoted by J r , with S r and s r denoting the operators for spin of the molecule and the spin of electron on orbital level, respectively. The magnetic anisotropy associated with the rth molecule is represented by D r , where S rz is the zth component of S r . The third part of H describes the external magnetic field B z (in units of gµ B ≡ 1) applied to the molecular system
where S tot z = r (S rz + s rz ). Finally, the last term of the total Hamiltonian describes the electron tunneling processes and can be written as
with v r denoting the respective tunnel matrix elements.
The coupling between the rth electrode and rth orbital level of the nanotube can be defined as Γ r = 2πρ r v 2 r , with ρ r denoting the density of states of the rth lead at the Fermi level. In our analysis, we take into account the symmetric case assuming Γ r ≡ Γ. Moreover, we also assume that the two molecules are identical, i.e. S r ≡ S, D r ≡ D and J r ≡ J.
Method. -In order to calculate the current flowing through the considered molecular device, we use the realtime diagrammatic technique [32] [33] [34] including the first and second order terms of expansion with respect to the tunnel coupling Γ. In calculations, one first needs to determine the corresponding diagrams that contribute to the elements W |χ |χ of the self-energy matrix W in given order of expansion, i.e. W = W
(1) + W (2) . Here, |χ denotes the eigenstate of H mol , H mol |χ = ε χ |χ , and ε χ is the corresponding eigenenergy. In the first-order of expansion the off-diagonal elements of W (1) are given by
where f r (ε) = 1/[e (ε−µr)/T + 1] is the Fermi-Dirac distribution function with the electrochemical potential of rth lead denoted as µ r and T standing for temperature (k B ≡ 1). The diagonal elements of W (1) are equal to
χ χ . The formulas for the secondoder self-energies (W (2) ) are much more cumbersome since they involve summations over many virtual states of the molecule [36] , therefore, we will not present them here. The self-energy matrices allow for the calculation of the corresponding probabilities of occupation of states |χ which can be done using the following equations [34] 
where the vector of probabilities in given order is normalized such that Tr{P (0) } = 1 and Tr{P (1) } = 0. Then, the current in the first (I (1) ) and second order (I (2) ) of expansion can be found from [34] 
respectively. Here, the self-energy matrices W I(1) and W I(2) are similar to W (1) and W (2) except for the fact p-2 that they take into account the number of electrons transferred through the system. The total current is then simply given by I = I (1) + I (2) . In the following, we study the transport properties in the full parameter space, i.e. in the full range of bias and gate voltages. However, because the calculation of the second-order contribution to the current in the full parameter space is a numerically demanding task, we will discuss the role of the second-order processes only in the low bias voltage regime, where such processes play the most important role in transport [37] . For larger voltages, sequential processes give a dominant contribution to the conductance and therefore the transport properties of the system can be reliably described including only first-order processes. Therefore, we first discuss the transport behavior in the full parameter space considering sequential processes and only later on we extend the discussion to the case of cotunneling in the linear response regime.
Results and discussion. -Our calculations are performed for the following parameters of the system. Each magnetic molecule is characterized by spin S = 1 and the uniaxial magnetic anisotropy D/E C = 0.2. The exchange coupling between the corresponding molecule and orbital level in the nanotube is assumed to be of antiferromagnetic type [27, 28] , and we take J/E C = −0.4. The hopping between the orbital levels of the nanotube is assumed to be t/E C = 0.2, while the position of orbital levels is characterized by the energy ε with the assumption ε L = ε R ≡ ε. The coupling to external leads is taken as Γ/E C = 0.02 and the calculations are performed at the temperature T /E C = 0.08. Finally, we use the charging energy as the energy unit E C ≡ 1.
The differential conductance. Let us start the discussion with the analysis of the behavior of the differential conductance. Figure 2 presents G plotted as a function of the bias voltage V and the position of the nanotube's energy levels ε in the case of (a) B z = 0 and (b) finite magnetic field. In each case, one can observe typical Coulomb diamond patterns associated with single-electron charging effects. With lowering ε, the nanotube becomes occupied by electrons and each time the two charge states become degenerate there is a resonance in the linear response conductance. In-between the resonances the molecule is in the Coulomb blockade regime, where sequential tunneling processes are exponentially suppressed. The electrons start to tunnel through the molecular system when the applied bias voltage exceeds some threshold. Then, there appears a step in the current and associated differential conductance peak. For larger voltages, excited states start playing a role resulting in additional peaks in the conductance. This behavior is clearly associated with discrete energy spectrum of the nanotube-molecule system and, thus, is present irrespective of the value of magnetic field. The presence of B z , however, spin-slits the levels and therefore changes the energies of molecular states. As a consequence, the conductance spectra become slightly modified, 
cf. Figs. 2(a) and (b).
To exemplify the supramolecular spin valve effect, in Figs. 2(c) and (d) we present the bias voltage dependence of the differential conductance for two different values of ε, as indicated. When B z = 0, the molecules are in a superparamagnetic state and their spins become aligned only when external magnetic field is applied to the system. Thus, by manipulating the spins of the molecules, it is possible to change the current flowing through the whole device. However, the behavior of the system is not as simple as one could expect, i.e. depending on ε and V , one can find both regimes of the current suppression or its enhancement with the application of magnetic field. Such behavior can be seen in Figs. 2(c) and (d) .
The tunnel magnetoresistance.
To quantify the change of the system's transport properties in the presence and absence of external magnetic field, we introduce p-3 the tunnel magnetoresistance (TMR), defined as
where I(B z ) is the current flowing through the system in the presence of magnetic field B z . The bias voltage and level position dependence of the TMR for a few values of magnetic filed is presented in Fig. 3 . First of all, one can note that the TMR is very low in the large bias voltage regime. In this case many molecular states of the system are relevant for transport and sequential tunneling dominates the current. Consequently, the difference between the currents flowing in the case when B z = 0 and B z = 0 is very small, which results in TMR ≈ 0, see Fig. 3 . The situation becomes however completely different when only a few molecular states contribute to the current, which happens in the low-bias voltage regime. We note that in this transport regime the current can flow due to thermally-activated sequential tunneling processes, which in the case of Γ T are relevant, as well as cotunneling processes. In Fig. 3 we show the results due to the first-order processes, while the role of cotunneling will be analyzed further on.
Generally, one can see that for low bias voltages the TMR strongly depends on the charge state of the nanotube. More specifically, in the two-electron Coulomb diamond (around ε = 0, see Fig. 3 ), the TMR is negative, while in the case when the nanotube is either fully occupied or empty (|ε/E C | 3.5), the TMR is positive. On the other hand, in the Coulomb blockade regimes with odd number of electrons on the nanotube, the TMR can be both negative and positive, depending on ε, see Fig. 3 for 1 |ε/E C | 3.5. To understand this behavior, one needs to consider the corresponding molecular states relevant for transport in each region. When the nanotube is either empty or fully occupied, the presence of attached magnetic molecules is not that important for low bias voltages. Because with increasing the value of magnetic field, the number of states relevant for thermally-activated transport decreases due to the Zeeman splitting, I(B z ) < I(B z = 0), and consequently TMR > 0. This is however opposite to the case when the nanotube is occupied by two electrons, where one finds I(B z ) > I(B z = 0), yielding TMR < 0. The reason for this behavior is associated with the fact that in the presence of magnetic field the spins of the molecules become aligned, such that the molecule-nanotube system is mainly occupied by a two-electron state with S tot z = −2S being a linear combination of local states with one electron on each level and zero and two electrons on different levels. This increases transport compared to the case of no magnetic field, where the occupation probability is distributed between several two-electron states.
When the nanotube is occupied by an odd number of electrons at low voltages the system is in the state with S tot z = −2S + 1/2. In this case it is relevant whether the excitation energies to charge states with empty (fully occupied) nanotube and states with two electrons on the nanotube are more favorable. In the former case the current becomes suppressed in finite B z , whereas in the latter case the current gets enhanced with the application of magnetic field, see Fig. 3 . It is also interesting to note that the above-described behavior becomes enhanced with increasing B z , resulting in larger |TMR|, cf. Fig. 3 .
Current spin polarization.
Let us now analyze how the spin polarization of the flowing current changes with increasing external magnetic field. The spin polarization is defined as
where I σ (B z ) is the current flowing in the spin-channel σ at magnetic field B z . The spin polarization as a function of the bias voltage V and the nanotube's level position ε for different values of B z is shown in Fig. 4 . First of all, one can note that the dependence is symmetric with respect to the particle-hole symmetry point of the model, i.e. ε = 0, with Pol(ε < 0) = −Pol(ε > 0). Moreover, as in the case of TMR discussed above one observed a gradual increase of |TMR| with boosting B z , now this is not the case. More specifically, |Pol| increases when B z grows from B z /E C = 0.05 to B z /E C = 0.1, however, then it slightly drops when magnetic field is raised further to B z /E C = 0.2, see Fig. 4 . A general observation is that out of the Coulomb blockade regime, Pol < 0 (Pol > 0) for ε > 0 (ε < 0). On the other hand, the largest magnitude of the spin polarization is found in the low bias voltage regime when the nanotube is either empty or fully occupied. One then finds Pol > 0 (Pol < 0) for ε/E C 3.5 (ε/E C −3.5), which is simply associated with the fact that for ε/E C 3.5 (ε/E C 3.5) the excitations to positive (negative) spin states are more favorable.
Effects of cotunneling. Finally, in this section we discuss the role of cotunneling processes on the tunnel magnetoresistance and spin polarization of the flowing current. Figure 5 shows the total (sequential plus cotunneling) TMR as well as the total spin polarization as a function of the nanotube's level position ε calculated in the linear response regime. For comparison, we also show the results obtained by considering only the first-order tunneling processes. One can easily see the differences between both results, which are most revealed in the case of empty or fully occupied nanotube, |ε/E C | 3.5, where elastic non-spin-flip cotunneling processes are most important for the current. There, one finds a strong suppression of the tunnel magnetoresistance, such that TMR ≈ 0, which is completely opposite to the sequential tunneling result, see the left column of Fig. 5 . Because in this transpose regime elastic cotunneling processes, in which the spin of tunneling electrons is conserved, drive the current, the difference between the currents I(B z = 0) and I(B z ) decreases as one moves deeper and deeper into the empty or fullyoccupied nanotube regime, cf. Figs. 5(a)-(c). A similar observation also applies to the behavior of the current spin polarization, which becomes generally suppressed compared to that predicted by considering only sequential tunneling processes, see the right column of Fig. 5 . On the other hand, as far as other transport regimes with different nanotube occupations are concerned, it can be concluded from Fig. 5 that sequential tunneling processes give a qualitatively reliable insight into the transport behavior of the system. In these transport regimes the cotunneling processes rather weakly modify the observed behavior.
Summary. -We have analyzed the magnetoresistive properties of a supramolecular spin valve consisting of a nanotube with two attached magnetic molecules embedp-5 ded in a tunnel junction. The considerations were performed by using the real-time diagrammatic technique in the first and second-order of expansion with respect to the tunnel coupling. We have shown that the tunnel magnetoresistance of such device, associated with a change of magnetic molecules' state from the superparamagnetic to the ferromagnetic one, can take both positive and negative values, depending on the transport regime. Our work demonstrates thus that it is possible to tune the TMR by either the bias or gate voltage. This offers an interesting route for the control of the magnetoresistive transport properties without the need to use ferromagnetic contacts. In addition, we have also studied the spin polarization of the tunneling current and shown that it strongly depends on the transport regime, which allow for tuning both the magnitude and sign of the spin polarization. * * * We acknowledge discussions with Józef Barnaś. This work was supported by the National Science Centre in Poland as the Project No. DEC-2013/10/E/ST3/00213. Computing time at Poznań Supercomputing and Networking Center is acknowledged.
